The structures of RsrI DNA methyltransferase (M.RsrI) bound to the substrate S-adenosyl-L-methionine (AdoMet), the product S-adenosyl-L-homocysteine (AdoHcy), the inhibitor sinefungin, as well as a mutant apo-enzyme have been determined by x-ray crystallography. Two distinct binding configurations were observed for the three ligands. The substrate AdoMet adopts a bent shape that directs the activated methyl group toward the active site near the catalytic DPPY motif. The product AdoHcy and the competitive inhibitor sinefungin bind with a straight conformation in which the amino acid moiety occupies a position near the activated methyl group in the AdoMet complex. Analysis of ligand binding in comparison with other DNA methyltransferases reveals a small, common subset of available conformations for the ligand. The structures of M.RsrI with the non-substrate ligands contained a bound chloride ion in the AdoMet carboxylatebinding pocket, explaining its inhibition by chloride salts. The L72P mutant of M.RsrI is the first DNA methyltransferase structure without bound ligand. With respect to the wild-type protein, it had a larger ligandbinding pocket and displayed movement of a loop (223-227) that is responsible for binding the ligand, which may account for the weaker affinity of the L72P mutant for AdoMet. These studies show the subtle changes in the tight specific interactions of substrate, product, and an inhibitor with M.RsrI and help explain how each displays its unique effect on the activity of the enzyme.
Biological DNA methylation is ubiquitous and important in many cellular mechanisms including genetic imprinting, immunity, cancer, and gene regulation (1) (2) (3) . In bacteria, DNA methylation protects the host from foreign DNA through the action of restriction modification systems composed of a restriction endonuclease and a DNA modification methyltransferase (MTase). 1 Both enzymes recognize a specific DNA sequence that is usually palindromic. The endonuclease cleaves the DNA unless the MTase has added a methyl group to a base in the recognition sequence. Restriction modification systems are classified by their subunit composition and cofactor requirements (4) . The most studied of these classes, type II restriction modification systems, usually have a dimeric endonuclease and a monomeric MTase that requires only the methyl-donating cofactor S-adenosyl-L-methionine (AdoMet) for activity.
Type II DNA MTases share a conserved catalytic core structure (5), composed of a seven-␤-stranded sheet flanked by three ␣-helices on each side, that contains the ligand-binding pockets and active site (6, 7) . The amino acid sequences of the MTases are not as well conserved as their structures, but they share nine conserved sequence motifs (7) . On the basis of these motifs, the MTases are subdivided into C5 MTases, which methylate cytosine at C5, and ␣, ␤, and ␥ subclasses of amino MTases, which methylate either adenine at the N6 position (N6A) or cytosine at the N4 position (N4C) (7) . Of the conserved motifs, the catalytic motif IV, which contains a conserved PC for the C5 MTases (8) and a conserved (D/N/S)PP(Y/F) for the amino MTases (7) , is implicated in catalysis (9) .
RsrI MTase (M.RsrI) is a ␤-class N6A enzyme that recognizes the palindromic duplex DNA sequence GAATTC and methylates the internal adenine on each strand (10, 11) . It is an isoenzyme of EcoRI MTase, a ␥-class MTase, with which it shares very little sequence homology (16% identity (10) ). M.RsrI is most homologous in structure and sequence identity (28%) to the N4C MTase PvuII (6) . Previous work partially characterized kinetic and binding properties of M.RsrI with AdoMet, as well as the product of the methylation reaction S-adenosyl-L-homocysteine (AdoHcy) and the specific inhibitor sinefungin (12) . The structure of M.RsrI revealed a breakdown product of AdoMet, 5Ј-methylthioadenosine (5Ј-MTA) (13) in the ligand-binding site (14) . Here we present the structures of RsrI MTase bound to the ligands AdoMet, AdoHcy, or sinefungin. The structures illustrate the similarities and key differences in ligand binding and explain some observed biochemical properties. We also present the structure of the catalytically impaired L72P mutant of M.RsrI (15) , which is the first DNA MTase structure to be determined without bound ligand. This structure offers a unique opportunity to examine directly the structural changes of DNA MTases that occur upon ligand binding.
EXPERIMENTAL PROCEDURES
Generating the L72P Histidine-tagged Mutant-The M.RsrI-L72P mutation was originally isolated in a genetic screen (15) . The histidinetagged construct used in the initial structure study was mutated by previously described methods (14, 15) . Briefly, whole plasmid PCR with mutagenic primers containing the desired mutation was used to introduce the L72P mutation into the plasmid DNA. The mutation also introduced an R.NgoMIV site, which was used to screen for plasmids containing the desired mutation. The presence of the desired mutation and the absence of unintended changes were verified by DNA sequencing.
Co-crystallization and Crystal Soaking-The M.RsrI and M.RsrI-L72P proteins were expressed from pET28aϩ::rsrIM (14) or the mutant rsrIM gene, respectively, and purified as described (12, 14) . AdoMet was obtained from New England Biolabs, AdoHcy was obtained from Sigma, and sinefungin was a gift from Margaret Neidenthal (Eli Lilly Laboratories). All three were used without further purification, and concentrations were determined using an extinction coefficient of 15,600 M Ϫ1 cm Ϫ1 at 260 nm. M.RsrI (2.0 mg/ml) was co-crystallized by the addition of AdoMet, AdoHcy, or sinefungin at final concentrations between 1 and 20 mM in a crystallization buffer of 100 mM HEPES, pH ϭ 7.4, 1.5 M Li 2 SO 4 . Co-crystals appeared under the same crystallization conditions as did the native protein and had nearly identical morphology (chunky plates of dimensions 400 ϫ 400 ϫ 50 m) (14) . Co-crystals of the M.RsrI-AdoHcy complex were soaked for 6 h in the well solution described above plus 450 mM KBr to produce bromide-substituted crystals for anomalous scattering experiments. M.RsrI-L72P crystals were crystallized using the same conditions but without the addition of ligand, and this resulted in crystals of similar morphology.
Data Collection and Structure Determination-A single crystal of each complex was used to collect diffraction data using Molecular Structure Corporation R-Axis IV and R-Axis IVϩϩ detectors in-house and at Rigaku-MSC (The Woodlands, TX). The L72P data and anomalous diffraction data for the bromide-soaked M.RsrI-AdoHcy complex at a wavelength of 0.9184 Å were collected on beamlines 19-ID and 19-BM (Advanced Photon Source at Argonne National Laboratory), respectively. In all cases, cryoprotection was achieved by drawing the crystals through paraffin oil before freezing in liquid nitrogen, and data were collected at Ϫ180°C. The cell dimensions (70.42 ϫ 130.25 ϫ 67.28 Å) of the crystals of the complexes are similar (Table I) . Data were processed using the HKL programs HKL2000 (16), Denzo and Scalepack (16), or d*TREK (Rigaku-MSC).
Rigid body refinement of the M.RsrI model (PDB number 1EG2) with the individual data sets gave R values of below 30% (Table I) . Electron density maps of the active site were inspected for the presence of the ligands. The ligand models and M.RsrI-L72P mutation were built using O (17) . The models were refined using the maximum likelihood procedure implemented in CNS and simulated annealing omit maps (18) . Refinement of individual B-factors and the addition of water molecules completed the model building. PROCHECK (19) and CNS (18) were used to evaluate the model geometry. To confirm the absence of ligand in the L72P structure, ligand was refined in the model, and the occupancy was determined to be less than 0.5. Anomalous difference Fourier maps were used to locate the bromide ions within the wild-type model. The root-mean-squared deviations (r.m.s.d.) between structures were determined using the Swiss PDB Viewer (23) . The torsion angle analysis was performed using O (17) and Excel (Microsoft). The sugar puckers were determined by inspection. The figures were generated using BOBSCRIPT, MOLSCRIPT (24) , Swiss PDB Viewer (23), Raster3D (25) , POV-RAY, and PhotoShop (Adobe).
Coordinate Deposition-Atomic coordinates of the structures reported were deposited in the Protein Data Bank under the following accession numbers: M.RsrI-AdoMet, 1NW5; M.RsrI-AdoHcy, 1NW7; M.RsrI-sinefungin, 1NW6; M.RsrI-L72P, 1NW8.
RESULTS
To understand better the structure-function relationships of RsrI MTase, we co-crystallized M.RsrI with the substrate AdoMet, the product AdoHcy, or the inhibitor sinefungin. The crystals diffracted beyond 2.3 Å, and the structures were solved directly by molecular replacement using the previously determined native structure (14) . Because no electron density for the N-terminal 35 amino acids and the C-terminal 5 amino acids was observed, the final models included amino acids 36 -287 and 297-314 for the enzyme-AdoMet complex and amino acids 36 -288 and 297-314 for the AdoHcy or sinefungin complexes. The electron density for each ligand was well resolved (see Fig.  2 ). Overall, the protein structures are similar to each other and to the native structure as indicated by the small r.m.s.d. of the backbone and side chain atoms (Table II) . However, distinct differences were observed between the bound ligand structures when compared with either each other or to the previously reported structure of M.RsrI bound to the AdoMet degradation product 5Ј-MTA (native structure) (14) .
Ligands Adopt Distinct Conformations in Binding to M.RsrI-The obvious difference among the three M.RsrI-ligand structures was the orientation of the non-nucleoside, or "tail," portion of the bound ligand (see Figs. 2 and 3A) . In the AdoMet (34) are calculated for 90 and 10% of the data, respectively. c NR, not refined; the data set was only used for electron density maps.
complex, the methionine tail had a C4Ј-C5Ј-SD-CG torsion angle ( Fig. 1 ) of Ϫ70°, which twists the carbon chain toward the opposite side of the ribose from the adenine ring. This "bent" conformation oriented the activated methyl group so that it pointed toward the catalytic DPPY (65-68) and the active site of the enzyme (see Fig. 3 ). The C4Ј-C5Ј-SD-CG torsion angles were Ϫ169°and Ϫ143°for AdoHcy and sinefungin, respectively. These angles placed the tail portion of the ligand (homocysteine for AdoHcy or ornithine for sinefungin) in the same plane as the ribose (Fig. 2 ). This "extended" conformation permits direct interaction of the tail ␣-amino and ␣-carbonyl groups with the catalytic DPPY motif, an interaction that is not observed in the AdoMet complex. In the extended conformation, the ⑀-amino group of sinefungin, corresponding to the activated methyl group in AdoMet, was oriented toward the exterior of the protein and formed part of the solvent-exposed surface, unlike the methyl group of AdoMet (Fig. 3A) . The binding pocket contains water molecules, and a chloride ion sits at the position occupied by a carboxylate oxygen atom of the methionine tail (Fig. 2) . A second chloride forms a hydrogen bond to the backbone amide of Leu 137 and to the side chains of Asn 136 and Asn 206 near the putative target recognition domain (TRD) of the protein (residues 165-210). Using anomalous scattering from bromide-soaked M.RsrI-AdoHcy co-crystals, we observed substitution of the second chloride by bromide, confirming that this site binds negative ions. The chloride ion in the ligand-binding pocket did not exchange with bromide, but it is likely that access to this site was restricted by the bound AdoHcy.
In addition to differences in tail orientations of the AdoHcy and sinefungin complexes, the ribose conformations differed from those of AdoMet. Both AdoHcy and sinefungin had C2Ј-endo sugar puckers when compared with C1Ј-exo for AdoMet and 5Ј-MTA. Since all of the ribose atoms formed the same hydrogen bonds (Table III and Fig. 3A) , and the only positional differences in the adenine and ribose moieties were the C4Ј and C5Ј atoms, which are directly connected to the tail moiety, these differences in sugar conformations appeared to be caused by the differences in the tail orientations. The formation of a hydrogen bond, or lack thereof (AdoHcy), to the charged sulfur (AdoMet) or nitrogen (sinefungin) by Thr 225 (Table III) may contribute to the different sugar conformations because these charged atoms occupy different positions in the liganded M.RsrI structures (the nitrogen in sinefungin corresponds to the carbon of the activated methyl group in sinefungin). The adenine rings of AdoMet and sinefungin occupied nearly identical positions, whereas that of AdoHcy was twisted slightly away from the ribose relative to the other two. The nearly identical binding of the nucleoside moiety of the three ligands by M.RsrI contrasts with the ligands bound to M.TaqI, as shown in Fig. 3B , where the ligand nucleoside moiety positions are shifted slightly from one another (20) .
Comparison of the ligands bound to M.RsrI with those bound to other DNA MTases revealed a wide variety of sugar puckers and torsion angles, but the torsion angles of AdoMet are more similar to one another than the torsion angles of the other ligands (Table IV) . AdoMet, with the exception of the M.TaqIAdoMet structure, assumes a sugar pucker of C1Ј-exo in all of the crystal structures, which may be due to the common bent tail conformation and the required orientation of the methyl being donated. With the exception of M.PvuII, all the AdoMet structures have a bent tail conformation, whereas the AdoHcy and sinefungin structures adopt an extended conformation. In the case of M.PvuII, the bound AdoHcy assumes a bent conformation similar to that of AdoMet. However, AdoHcy appears in the PDB file for the PvuII structure only because of weak methyl group density as the crystals were grown in the presence of AdoMet and the structure was discussed as though AdoMet were bound (6) . 2 Our analysis of ligand binding orientations supports the assignment of AdoMet as the ligand bound 2 X. Cheng, personal communication. to M.PvuII as AdoMet is the only ligand that binds with a bent tail conformation in all of the other MTase structures. In addition to differences in ligand configurations, M.RsrI amino acid side chains surrounding the ligands changed position and structure (Fig. 4, A and B) . Table III lists the ligandenzyme contacts and shows that the most noticeable side chain difference is Lys 227 , which, in the AdoHcy and sinefungin structures, had shifted into the position occupied previously by the amino group of the AdoMet tail (Fig. 2) . The side chain orientation of Lys 227 in the AdoMet structure is most likely due to repulsion by the ␣-amino group of the AdoMet tail. M.RsrI in the AdoHcy complex differed (r.m.s.d. for all atoms) from both the AdoMet-and sinefungin-bound structures at residues Trp 84 and Cys 45 by 0.6 and 0.7 Å, respectively. Both of these amino acids adjoined the adenine ring of the ligand, and their change in position reflects the slightly different orientation of the adenine ring in the AdoHcy structure.
Comparison of the AdoMet, AdoHcy, and sinefungin-bound M.RsrI structures to the M.RsrI native structure, which has 5Ј-methylthioadenosine (5Ј-MTA structure) in the active site, reveals additional changes in the enzyme structure surrounding the ligand-binding site (14) . The differences between the AdoMet structure and 5Ј-MTA structure only are reported in Table II because all three co-crystal structures differ from the 5Ј-MTA structure in analogous regions. The largest differences between the two compared structures occurred in the small helix/loop adjacent to the ligand-binding site (residues 214 -225). This region overlaps the loop that contacts the tail of the bound ligand (residues 223-227), and presumably, occupies a different position in the 5Ј-MTA structure due to the lack of a complete tail on that ligand. The other large differences between the structures (residues 180 -197, 215-219) were in areas of crystal contacts and probably reflect slight packing differences.
Specific Enzyme Conformational Changes Occur with Ligand Binding-The published structures of all DNA MTases contain bound ligand. Therefore, it was interesting to observe that a catalytically compromised mutant, L72P, identified from a challenge-phage screen (15), did not purify and crystallize with bound ligand. This mutant binds DNA site-specifically, but the activity of the enzyme is reduced by at least 65-fold (15) . The L72P mutant of RsrI MTase was crystallized, and the structure was solved by molecular replacement. The structure resolved amino acids 36 -288 and 297-315, and the density for the proline mutation was clearly visible. Global analysis of the structure revealed an r.m.s.d. of 0.4 Å for the protein backbone when compared with the M.RsrI-AdoMet complex. The ligandbinding site lacked ligand electron density, and occupancy refinement with added ligand suggested a low overall occupancy of the site. Therefore, the discrete spheres of electron density in the ligand-binding site were modeled as water molecules (Fig. 3C) .
In the region surrounding the L72P mutation, the proline substitution caused a kink in the loop, which led to a compression of the loop/␤-strand on one side of the mutation (Fig. 4C, I ) and a shift of the end of an ␣-helix on the other side (Fig. 4C,  II) . Although these changes were not large, the close packing of the loops in this region appears to have led to secondary changes in the neighboring loops. The compression caused by the proline appears to cause a shift in the ␤-strand containing the catalytic DPPY (65-68) away from the ligand-binding site and also a shift of 0.4 Å in the conserved tyrosine. The proline kink introduced by the L72P mutation also caused the helix following the L72P mutation to twist away from the ligandbinding site and down toward the main body of the protein (Fig.  4C, II) . The largest deviation in the helix was seen in Trp 84 , which forms one of the walls of the ligand-binding site. Trp 84 moved away from its position in the AdoMet structure by over 0.5 Å (Fig. 3D) , increasing the size of the ligand-binding site. The loop and helix (108 -131) adjacent to the L72P loop (Fig.  4C, III) on the active site side were also pushed away from the ligand-binding pocket. This region formed several contacts across the crystallographic dimer interface, and the movement of this region led to the formation of additional contacts between monomers, including two hydrogen bonds from Gln 109 , where the ␣-carbon has moved almost 0.6 A away from its position in the AdoMet structure.
By far the most obvious difference between the ligand-bound and the L72P structures was the ligand-binding loop on the opposite side of the binding site from the L72P mutation (Fig.  4C, IV) . This loop was displaced from the ligand-binding site by over 0.5 Å, and combined with the Trp 84 movement, resulted in an increase in the size of the ligand-binding site from 8.3 ϫ 16.0 Å (measured Trp 84 -Ala 272 and Thr 225 -Asp 46 ) in the AdoMet structure to 8.5 ϫ 17.6 Å in the L72P structure (Fig. 3D) . The loop, specifically residues 223-227, contacted the methionine tail in the AdoMet structure (Figs. 2 and 3A) , indicating that the lack of ligand was directly responsible for its structural changes. Interestingly, the residues involved in these contacts comprise a HXTXKP motif that is conserved among many members of the ␤-class of amino MTases, but not M.PvuII size and charge of the ligand-binding pocket, and consequently, chloride ion does not bind in the other MTases.
DISCUSSION
Active Ligand Binding Mode-The structure of M.RsrI varied relatively little upon binding of AdoMet, AdoHcy, and sinefungin. Aside from changes in the crystal contacts, the only structural changes were observed in the ligand-binding loop (residues 220 -227) (Fig. 4) , which makes several contacts to the methionine tail of AdoMet. The magnitude of these changes was not surprising because the small differences observed between ligand-binding modes are concentrated in the ligand tail region. In contrast, the absence of the ligand tail, for example in the M.RsrI-5Ј-MTA structure, results in larger protein conformational changes. Comparison of the stereochemistry of the bound ligands in the M.RsrI structures with those of previous crystal structures revealed surprisingly well conserved conformations among DNA MTases (Table IV) . However, by far the strongest similarities were observed for the AdoMet-bound structures, which is again not surprising given the highly conserved architecture of the ligand binding and active sites (MTase fold) (7) . Despite the similar AdoMet structures adopted by AdoMet in the DNA MTases, AdoMet binds quite differently in both small and large-molecule MTases (9) .
The adenine and ribose portions of the ligands in the M.RsrI co-crystal structures bound in nearly identical orientations. This is in contrast to M.TaqI, the only other MTase crystallized with this range of ligands, where the adenine and ribose moieties are shifted relative to one another by up to 0.8 Å. This difference between the two enzymes is likely due to the N terminus of M.TaqI forming part of the ligand-binding site (20) .
The freedom of the N terminus to move may increase the flexibility in the M.TaqI ligand-binding site.
An explanation for the two different modes of ligand binding by MTases, including M.RsrI, appears to arise from the difference in the position of the positive charge on the three ligands. The sulfur of AdoMet and the ⑀-amino group of sinefungin carry a formal positive charge, whereas AdoHcy is uncharged at the analogous position (Fig. 1) . In both the AdoMet and sinefungin structures, Thr 225 , which is conserved in many ␤-class MTases (7), forms a hydrogen bond to the positively charged atom. In order for this hydrogen bond to form, the tail of AdoMet must assume a bent conformation; however, the difference in position of the charge on the sulfur in AdoMet when compared with the position of the charged nitrogen in sinefungin (Fig. 1) causes the ornithine tail in sinefungin to form the hydrogen bond by rotating slightly around the C4Ј-C5Ј-CD-CG torsion angle to maximize hydrogen bond strength (Fig. 3A) . AdoHcy lacks a corresponding charge, so its tail is not forced to bend into the pocket by the formation of a hydrogen bond to the sulfur.
Relationship of Different Ligand Binding Modes to Affinity-
The different conformations of the ligand tails are not directly reflected in the ligand equilibrium dissociation values (12) . The B-factors for AdoMet and AdoHcy were very similar, indicating similar mobility; however, AdoHcy formed three fewer hydrogen bonds to the protein (two with water-mediated bonds) and binds with a K d of 8.1 M, which is similar to that of AdoMet (K d ϭ 6.1 M) (12). In contrast, sinefungin formed two fewer hydrogen bonds than AdoMet (one fewer if water-mediated hydrogen bonds are considered) and has higher B-factors, in- dicating more conformational flexibility, which might contribute to its affinity of 4.6 M by decreasing the entropic binding penalty. This greater degree of motion and separation of sinefungin relative to the nearby tryptophans (Trp 84 , Trp 88 , and Trp 140 are within 9 Å) may explain the differences in fluorescence quenching observed between sinefungin (46.5%) and AdoMet (54.4%) (12) . The slight movement of the adenine ring and Trp 84 (Figs. 3A and 4A ) in the AdoHcy-bound structure may also be related to the slight change in fluorescence quenching for AdoHcy (49.5%) relative to AdoMet.
The two contrasting modes of ligand binding revealed by the AdoMet-bound versus the sinefungin-and AdoHcy-bound structures raise an interesting mechanistic question. Does the positioning of the tail in the extended position, as observed for the inhibitor sinefungin and the product AdoHcy, inhibit base flipping? Fluorescence studies to probe base flipping, using DNA fragments containing 2-aminopurine at the target base, performed in the presence of sinefungin, show an increase in fluorescence consistent with the 2-aminopurine base being flipped out of the hydrophobic double helix and into the more polar active site (12) . Two hypotheses are consistent with this observation. The tail position observed for sinefungin and AdoHcy in the structure might not interfere with base flipping, so that the ligand tail could continue to occupy its observed position, whereas the active site contains the flipped target base. Alternatively, the ligand tail might adopt the same orientation as AdoMet before DNA binds to the enzyme-sinefungin complex. In both cases, we expect the ligand to bind prior to DNA binding based on the burst kinetics experiments performed previously (12) . If the second hypothesis is indeed the 
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Although we observed no such density, suggesting an alternate ligand conformation in either the sinefungin or AdoHcy structures, we cannot rule out this possibility without a structure of the enzyme bound to both DNA and sinefungin or AdoHcy.
Chloride Inhibition of M.RsrI-The L72P-, sinefungin-, and AdoHcy-containing structures revealed a chloride in the position occupied by the carboxylate group of the methionine tail in the structure with bound AdoMet (Fig. 2) . This result raises the question of whether chloride competes with AdoMet during DNA methylation. M.RsrI activity is sensitive to salt, and the enzyme is inactive above 160 mM NaCl (10) . The isozyme EcoRI MTase does not show inhibition by high salt levels. NaCl at 50 mM, but not sodium acetate, inhibited M.RsrI in a qualitative methylation assay (data not shown), suggesting that the effect is chloride-specific and not due to the sodium ions. This identification of a chloride in the active site pocket of L72P, AdoHcy, and sinefungin suggests a mechanism for enzyme inhibition by high salt concentrations. However, detailed kinetic studies will be necessary to determine the nature of the inhibition observed since it might also be due to the second chloride that we observed in the crystal structure.
The second chloride ion identified in the structures appears to play a role in stabilizing the orientation of the putative target recognition domain (Fig. 4) . The TRD extends from the globular body of the protein, and the chloride is part of a bridging hydrogen-bonding network between residues 136 and 137 in the body of the protein and residue 206 in the TRD. This chloride may also be partially responsible for enzyme inhibition as it could impede the required mobility of the TRD during DNA binding. This would be consistent with the effects of the D173A mutation isolated previously in this region (15) . Asp 173 is involved in a second hydrogen-bonding network in the TRD, the disruption of which does lead to a loss of DNA binding in a challenge-phage assay (15) .
The bent conformation of the tail of AdoMet illuminates the mechanism of the enzyme. DNA amino MTases transfer the methyl group directly from AdoMet to the target base with inversion of configuration of the methyl hydrogen atoms (26) . This requires the methyl group be positioned in the enzyme active site near the target base. Furthermore, because the reaction takes place by an SN 2 mechanism (26), a positioning of the bond between the methyl and sulfur along the axis of transfer is preferred. Such stereochemical positioning was observed for the bound AdoMet. In addition, the M.TaqI-DNA crystal structure implicated the conserved NPPY (DPPY in M.RsrI) motif in activating the exocyclic amino group of the target base so as to accept the methyl group (27) . Specifically, the Asn and the second Pro formed hydrogen bonds to the amino group of the flipped adenine base of the target sequence. In the structure of RsrI MTase co-crystallized with AdoMet, the amino group of the methionine tail and the side chain of Lys 227 form ionic interactions with one of the carboxylate oxygens of the putative catalytic Asp. These two ionic interactions could position the catalytic Asp in the correct orientation to hydrogen bond to, and help activate, the exocyclic amino group on the target base. The carboxylate may also serve as the acceptor for the proton abstracted from the adenine during methyl transfer.
Ligand-induced Structural Changes in M.RsrI-The L72P structure provided a first glimpse into the structural changes that take place upon ligand binding and revealed a potential explanation for the increased affinity for specific DNA when the ligand is bound to the enzyme. This phenomenon is relevant because ligand binding by M.RsrI, and other MTases, increases cognate DNA binding affinity (12, 28, 29) . The native M.RsrI crystallized without added ligand, but we observed 5Ј-MTA bound in the active site, presumably due to co-purification with the enzyme (14) . We showed that 5Ј-MTA acted similarly to other cofactors in enhancing site-specific DNA binding in a gel-shift assay.
3 Although 5Ј-MTA lacks an amino acid side chain, the interactions of the adenine and ribose with the enzyme appear to be sufficient to pull most of the ligandbinding loop into position (Fig. 3A) . The L72P structure lacked a bound ligand because either the ligand did not co-purify or the enzyme could not crystallize with bound ligand. The latter possibility is most likely as we have been unable to obtain co-crystals of the L72P mutant in the presence of added AdoMet.
The M.RsrI ligand-binding loop (Fig. 4C, IV) is located on the opposite side of the ligand-binding site from the L72P mutation and makes no other contacts in the crystal structure, which sensitizes it to the occupancy of the ligand-binding site. One interpretation of the movement of this loop is that the ligand is 3 C. Thomas, unpublished results. responsible for stabilizing the loop in the position observed in the native structure of the wild-type protein, decreasing the mobility of the loop and, potentially, orienting it for the next step in the reaction. The analogous loop, termed Loop I, in the M.TaqI/DNA structure is important in DNA and ligand binding (27) . Given the structural changes that occur upon ligand binding, this loop in M.RsrI probably is involved in DNA contacts as well. In mechanisms where AdoMet obligatorily binds first, which is the case for M.EcoRI (30) and is likely the case for M.RsrI (12) , the binding of ligand would move the ligandbinding loop and other loops into a position that would facilitate DNA binding. In contrast, M.HhaI, which may have a mechanism with a random order of binding (31) or a mechanism where DNA binds first (32) , would be expected to have binding sites for DNA and AdoMet that can act independently of one another since the ligand is not required for binding DNA. However, ligand binding still increases affinity for specific DNA binding in M.HhaI, but this has been explained as an energetic consequence of filling an otherwise empty space in the enzyme (32) .
The structure of the L72P mutant suggests that structural changes caused by subtle shifts of the secondary structures on either side of the mutation might weaken ligand binding. The most obvious amino acid residues responsible for influencing the binding of ligand are the DPPY motif and the Trp 84 residue, which moved away from the original positions they occupy in the AdoMet structure. This movement enlarged the ligandbinding site, most likely leading to lower ligand affinity and presumably the loss of the ligand during purification. Decreased affinity combined with the slight movement of the DPPY motif could explain the impaired catalytic activity of the L72P mutant. A second explanation for the reduced activity of the L72P mutant comes from the observation that in the crystal structures of M.HhaI or the M.TaqI-DNA complex, the loop equivalent to the loop containing the M.RsrI L72P mutation is involved in DNA binding and, specifically, stabilizing the flipped base (27, 33) . The L72P mutation could change the loop flexibility or conformation in such a way as to either trap the flipped base either in a non-productive conformation or reduce the off rate of the DNA and prevent enzyme turnover. Further kinetic studies will be necessary to verify the contributions of these factors to the activity loss.
Conclusions-The crystal structure of the L72P mutant and those of the wild-type enzyme co-crystallized with the substrate, AdoMet, the product, AdoHcy, and the inhibitor sinefungin offer insights into ligand binding by MTases. Comparisons with other MTases indicated a pattern in ligand-binding orientations. The identification of a chloride in the active site pocket of L72P, AdoHcy, and sinefungin suggested a mechanism for the inhibition of M.RsrI by high salt concentrations. Furthermore, the missing ligand in the L72P structure revealed a first glimpse into the structural changes that take place upon ligand binding.
